The σ-terms are calculated at next-to-leading order in heavy baryon chiral perturbation theory by employing a cutoff regularization. The results do not depend on the cutoff value to the order we are working . The baryon masses and σ πN (0) are used to perform a least-squares fit to the three appearing low-energy constants and predictions for the two KN σ-terms and the strange contribution to the nucleon mass are made. The lack of convergence in the chiral expansions of these quantities when regularized dimensionally is overcome in the cutoff scheme. The σ-term shifts to the pertinent Cheng-Dashen points are calculated. We also include the spin-3/2 decuplet in the effective theory. 
Introduction
Chiral perturbation theory which is the effective field theory of the Standard Model at low energies in the hadronic sector has been successfully applied within the sector of Goldstone Bosons [1] . However, traditional SU(3) heavy baryon chiral perturbation theory does not appear to work well. The leading nonanalytic components from loop corrections destroy the good experimental agreement which exists at lowest order. The additional contributions have to be compensated by higher order countertems. This leads to problems with the convergence of the chiral series.
Recently a resolution of this problem was proposed by using a cutoff regularization instead of the common dimensional regularization scheme [2, 3] . There, the authors come to the conclusion that dimensionally regularized Feynman diagrams carry implicit and large contributions from short distance physics. In contrast, the cutoff scheme picks out the long distance part of the integral, which behaves as expected on physical grounds. Both an exponential cutoff in threemomentum and a dipole regulator were employed therein. However, in the cases discussed there the cutoff is irrelevant -a consistent chiral expansion can then be carried out.
In these works an analysis of the octet baryon masses has been given using the lowest and next-to-leading order in the derivative expansion of the effective Lagrangian. Further information on the scalar sector of baryon CHPT is given by the scalar form factors or σ-terms which measure the strength of the various matrix elements m(q = u, d, s) in the proton and vanish in the chiral limit of zero quark masses. Thus, they are particularly suited to test our understanding of spontaneous and explicit chiral symmetry breaking. The purpose of this work is to examine these quantities employing cutoff regularization schemes.
Another complication arises from the closeness of the spin-3/2 decuplet resonances which are separated only by 231 MeV in average from the octet baryons which is considerably smaller than the kaon and the η mass. These resonances are, therefore, expected to play an important part at low energies. It has been suggested [4] to include the decuplet explicitely.
The present work is organized as follows. In the next section we apply two different cutoff schemes to regularize the Feynman diagrams without decuplet contributions. Besides the dipole cutoff already used in [2, 3] we consider a slightly modified dipole cutoff which is identical to the first one for vanishing off-shell momenta of the baryons. The following section deals with the inclusion of the decuplet fields. The results for both cases are presented in Sec. 4 . In Sec. 5 we conclude with a short summary. The decuplet contributions to the scalar form factors and the octet baryon masses are relegated to the Appendices.
σ-terms in a cutoff scheme
In this section, we will work with the heavy baryon Lagrangian for the Goldstone bosons and the octet baryons which can be decomposed into a lowest order and a next-to-leading order part in the derivative expansion
where the superscript denotes the chiral order. In the heavy baryon formulation the baryons are described by a four-velocity v µ and relativistic corrections appear as 1/
• M corrections where
• M is the average octet baryon mass in the chiral limit. A consistent chiral counting scheme emerges, i .e. a one-to-one correspondence between the Goldstone boson loops and the expansion in small momenta and quark masses. The lowest order Lagrangian L (1) φ B includes the two axial-vector couplings D and F
where 2S µ = iγ 5 σ µν v ν denotes the Pauli-Lubanski spin vector. The pseudoscalar Goldstone fields (φ = π, K, η) are collected in the 3 × 3 unimodular, unitary matrix U(x),
with • F being the pseudoscalar decay constant (in the chiral limit), and
One forms an object of axial-vector type with one derivative
with ∇ µ being the covariant derivative of U. The matrix B denotes the baryon octet,
The matrices u µ and B transform under SU(3) L × SU(3) R as any matter field, e.g.,
with K(U, L, R) the compensator field representing an element of the conserved subgroup SU(3) V . We will use D = 3/4 and F = 1/4 which leads to g A = D + F = 1.25. At next-to-leading order explicit chiral symmetry breaking terms appear
with χ + = 2B 0 (u † Mu † + uMu) and M = diag(m u , m d , m s ) the quark mass matrix. We prefer to work in the isospin limit m u = m d =m. To this order three coupling constant, so called low-energy constants (LECs), appear. Together with the average octet baryon mass in the chiral limit • M we end up with four unknown parameters. These have to be fixed from phenomenology. Here we will use the four different masses for the octet baryons in the isospin limit. Since both • M and b 0 shift the baryon mass spectrum by a constant the pion nucleon sigma-term at zero momentum transfer σ πN (0) ( or one of the kaon nucleon sigma-terms ) has also to be taken into account in order to fix all parameters.
One defines the scalar form factors or σ-terms which measure the strength of min the proton by
with | p > a proton state with four-momentum p, t = (p ′ − p) 2 the invariant momentum transfer squared. It is most convenient to work in the Breit-frame in which v · p ′ = v · p. There are two types of contributions for the σ-terms. To lowest order, there are the tree level contributions of chiral order two from the counterterms
φB . The contributions from the Goldstone boson loops appear at next-to-leading order and can be evaluated by using dimensional regularization [5] . A typical integral in this analysis has for the case of zero momentum transfer and d dimensions the form
where m φ is the meson mass. The result is non-analytic in the quark masses since m φ ∝ m 1/2 q . The integral grows linearly with increasing meson mass. We expect the long distance portion of the integral to be larger for small meson masses since for small momenta the meson propagator can be approximated by 1/m 2 φ . This indicates that in the dimensionally regularized integral there are significant contributions from short distance physics which cannot be described appropriately by chiral symmetry. Therefore, one has to employ other regularization schemes that emphasize long distance effects of the integrals and reduce short distance contributions. In [3] it was shown that a simple dipole regulator fulfills these requirements.
For the evaluation of the Goldstone boson loops we will employ the regulators
where l is the loop momentum and q the small off-shell momentum of the external baryons in the heavy mass formalism. Both cases are identical for vanishing off-shell momentum q. The reason for considering the regulator R 2 in addition to R 1 will become clear when we introduce decuplet fields. It turns out that including decuplet fields leads to divergent integrals in the case of the regulator R 1 , whereas R 2 avoids this difficulty. Also, we are able to compare the results for the σ-terms in both regularization schemes and examine the dependence on employing different regulators. Inserting these regulators into the integral in Eq. (9) leads to
The introduction of the additional scale Λ spoilt the one-to-one correspondence between the meson loops and the expansion in the quark masses and the integral depends strongly on the value of the cutoff Λ. However, this does not mean that to the order we are working the resulting physics will depend on Λ, since one is able to absorb the effects of Λ into a renormalization of the LECs. To this end, one expands the result in Eq. (11) in terms of the meson mass m φ
where the ellipsis stands for higher orders in m φ . The second term in the expansion agrees with the result from the dimensionally regularized version. The first term is a constant and can be absorbed into renormalizations of the coefficients
φB , and indeed this is found to be the case -one verifies that
which agrees with the result already obtained in the analysis for the baryon masses [3] . That this renormalization can occur involves a highly constrained set of conditions and the fact that they are satisfied is a significant verification of the chiral invariance of the cutoff procedure.
The chiral expansions at next-to-leading order for the σ-terms read for zero momentum transfer
where we have replaced
• F by the pion decay constant F π = 93 MeV, which is legitimate to the order we are working. Note that an additional contribution arises for the two kaon nucleon σ-terms from the π 0 η loop. Furthermore, the πN σ-term is related to the nucleon mass by the Feynman-Hellman theorem σ πN (0) =m(∂m N /∂m).
The strange contribution to the nucleon mass is given by the σ-terms at zero momentum transfer
(1)
This matrix element can be deduced by means of the Feynman-Hellman theorem < p|ss|p >= ∂m N /∂m s . The strangeness fraction y of the nucleon is given by
and one defines the quantityσ via
For non-vanishing t we have to distinguish between both regularization schemes R 1 and R 2 . The general formulae for the scalar form factors read
with i = 1, 2. Employing the regulator R 1 for the evaluation of the Goldstone boson loops leads to
whereas for the modified regulator R 2 one obtains
One is in particular interested in the shifts of the σ-terms to the Cheng-Dashen points. These are t = 2m 2 π and t = 2m 2 K for the πN and KN σ-terms, respectively. The σ-terms can acquire imaginary parts depending on the values for t and Λ. Since we will consider Λ only in the range from 300 MeV to 600 Mev the shift of the πN σ-term is real. On the other hand, the shifts of the two KN σ-terms acquire an imaginary part at t = 4m 2 π and also at t = (m π + Λ)
2 for sufficiently small values of Λ in both regularization schemes. In the regularization scheme R 2 there is an additional branch cut starting at t = 4Λ
2 . For increasing Λ only the first branch cut t = 4m 2 π from the pion loop remains. This agrees with the dimensional regularization scheme which is recovered for Λ → ∞. Since we choose the Gell-Mann-Okubo value for the η mass, the πη loop does not acquire an imaginary part below t = 2m
2 . For the physical mass of the η this contribution is tiny compared to the other parts. Before presenting the numerical results we will include the decuplet in the next section.
Inclusion of the decuplet
In general it is assumed that baryon resonance states are much heavier compared to the lowestlying baryon octet. In this case they can be integrated out and replaced by counterterms that do not include these resonance states explicitely. However, while this might be a reasonable procedure for heavier resonances like the Roper-octet, it is a questionable assumption for the decuplet. The low-lying decuplet is separated from the octet by only ∆ = 231 MeV in average which is much smaller than the K or the η mass. Furthermore, the ∆(1232) couples strongly to the πN sector and its contribution plays an important role in the channels wherein this effect is possible. In the meson sector, the first resonance is the vector meson ρ with a mass of 770 MeV which is considerably heavier than the Goldstone bosons. It was therefore argued in [4] to include the spin-3/2 decuplet as explicit degrees of freedom. In the framework of conventional heavy baryon CHPT it was found that intermediate ∆(1232) states give a contribution of 7.5 MeV to the πN σ-term shift which is as large as the contribution from the the octet alone [5] .
In this section we will include the decuplet fields and the resulting loop integrals are evaluated by using the regulator R 2 . A similar analysis with the regulator R 1 instead is not possible since then divergent integrals arise for non-vanishing momentum t. The pertinent interaction Lagrangian between the spin-3/2 fields -denoted by the Rarita-Schwinger fields T µ -, the baryon octet and the Goldstone bosons reads
where we have suppressed the flavor SU(3) indices. In the heavy mass formulation the fields T µ satisfy the condition v · T = 0. The coupling constant C = 1.2...1.8 can be determined from the strong decays T → Bπ. After integrating out the heavy degrees of freedom from the relativistic Lagrangian there is still a remaining mass dependence which is proportional to the average octet-decuplet splitting ∆ and does not vanish in the chiral limit. In the Feynman rules the mass splitting ∆ is contained in the decuplet propagator
The appearance of the mass scale ∆ destroys in the case of dimensional regularization the oneto-one correspondence between meson loops and the expansion in small momenta and quark masses. No further complications arise in our case since the strict chiral counting scheme has already been spoilt by introducing the scale Λ. For zero momentum transfer t = 0 the decuplet contributions to the σ-terms read
with
where we required Λ > ∆. For the limit Λ >> m φ we recover up to some constant terms the result from dimensional regularization [5] H(m φ )
for the case m φ > ∆ and an analogous result for m φ < ∆. The constant terms can again be absorbed into a renormalization of the parameters b 0,D,F . The results for the scalar form factors for general t can be found in App. A.
Results and discussion
In this section we present the numerical results for the calculation of the σ-terms. We consider first the case with no resonances. The values for our parameters are D = 0.75, F = 0.5, F π = 93 MeV, m π = 138 MeV, m K = 495 MeV, and for the mass of the η we use the GMO value for the pseudoscalar mesons m η = 566 MeV. The differences for F π and m η to
• F -the pseudoscalar decay constant in the chiral limit-and to the physical mass of η, respectively, appear only at higher orders. We will restrict ourselves to these central values of the parameters since a small variation in these parameters does only lead to some minor changes in the results.
In baryon chiral perturbation theory, the transition between short and long distance occurs around a distance scale of ∼1 fermi, or a momentum scale of ∼200 MeV. This corresponds to the measured size of a baryon. The effective field theory treats the baryons and pions as point particles. This is appropriate for the very long distance physics. However, for propagation at distances less then the separation scale, the point particle theory is not an accurate representation of the physics. The composite substructure becomes manifest below this point.
Of course, the cutoff Λ should not be taken so low in energy that it removes any truly long distance physics. Also, while it can in principle be taken much larger than the separation scale, this will lead to the inclusion of spurious short distance physics which can upset the convergence of the expansion. It is ideal to take the cutoff slightly above the separation scale so that all of the long distance physics, but little of the short distance physics, is included. Therefore, we will vary the cutoff in the range Λ ≥ 1/ < r B >∼ 300 − 600 MeV.
The four unknown parameters b 0,D,F and
• M have to be fixed from phenomenology. We will choose the four different baryon masses in the isospin limit and the value of σ πN ≃ 45 MeV to perform a least-squares fit for these parameters. The explicit calculation of the masses in the cutoff regularization scheme to the order we are working can be found in [3] . As outlined in this work the asymptotic mass-independent component of the mass integral which is proportional to Λ 3 is removed by redefining
In Tables 1 and 3 we present the renormalized values
• M r after absorbing the consatnt pieces from the mass integral. We are then able to make predictions for the KN σ-terms and for the shifts to the Cheng-Dashen points. The results of this calculation are shown in Tab. 1 and Tab. 2. In the first Table, 
The value for y is within the band deduced in [6] , y = 0.15 ± 0.10, and the value forσ agrees nicely with Gasser's estimateσ = 33 ± 5 MeV, given in [7] . Therein, the author comes to the conclusion that the lowest non-analytic corrections to the baryon masses and the πN σ-term are so large, that chiral perturbation theory is meaningless in that case. He proposes a meson-cloud model by introducing a cutoff which regularizes the divergent integrals. The cutoff is provided by the square of the axial vector form factor which enters the expression of the propagator and is similar to R 2 1 in our notation. The deviation from the Gell-Mann-Okubo relation due to loops is found to be quite small in dimensional regularization, primarily due to the (accidental) feature that it is proportional to D 2 − 3F 2 << 1. We, therefore, expect this deviation to be even smaller in the cutoff scheme. The chiral expansions of the σ-terms in dimensional regularization read where the first number denotes the lowest order contribution from the tree level result and the second number the Goldstone boson loop contribution. The chiral expansions in the cutoff scheme are much improved with respect to the case of dimensional regularization, especially for σ πN and σ
KN . While in dimensional regularization the contributions of two successive chiral orders are of opposite sign and tend to cancel each other -a common feature in this regularization scheme -, there is a clear convergence in the cutoff scheme. We also examined our results by varying the value of the πN σ-term by ±10 MeV. This change alters the value of b 0 from −0.29 to −0.55 GeV −1 which has a quite dramatic impact on the KN σ-terms and the value of m s < p|ss|p >. This is in agreement with the calculation in dimensional regularization [5] . We will restrict ourselves to the central value of σ πN = 45 MeV [6] in our analysis. The changes in a calculation with the physical mass of the η, m η = 549 MeV, are negligible.
In Table 2 we list the shifts of the scalar form factors to the Cheng-Dashen points. We are able to compare both regularization schemes R 1 and R 2 since these differ only for non-vanishing offshell momenta of the baryons. While there is agreement for the πN σ-term, both regularization schemes differ considerably in the KN σ-terms which depend strongly on the cutoff Λ. This might indicate that for these quantities higher orders play an essential role. Clearly a definite statement about the shifts to the Cheng-Dashen points for the KN σ-terms cannot be made. The πN σ-term shift agrees in both regularization schemes and we find
This value is in agreement with the result ∆σ πN = 5 ± 1 MeV of the complete fourth order calculation in conventional heavy baryon chiral perturbation theory [8] . On the other hand, it is smaller than the empirical value found in [6] . The main contribution to the πN σ-term shift in the dispersive calculation in that paper comes from an energy region in which the one-loop approximation is off by a factor of two. Therefore, we expect contributions from higher chiral orders to be significant. It remains to be seen how higher order corrections not yet accounted for will modify Eq. (37).
Adding the decuplet, we set ∆ = 231 MeV, which is the average octet-decuplet mass splitting, and the value of the coupling constant C is given by C = 1.5 from an overall fit to the decuplet decays [9] . To perform a least-squares fit for the parameters b 0,D,F and • M we have to include the decuplet contributions to the octet baryon masses, see App. B. The results of the fit can be found in Tab. 3 and Tab. 4. We absorbed again the asymptotic mass-independent component of the mass integral by redefining
It turns out that there are no significant changes in the results as in the case of dimensional regularization. We obtain for the KN σ-terms
For the strange quark contribution to the nucleon we have 
As in the case without resonances the convergence of the chiral series in the cutoff scheme is significantly improved with respect to dimensional regularization. We do not observe a dramatic change in the results as suggested by employing dimensional regularization. For the evaluation of the shifts of the scalar formfactors to the Cheng-Dashen points we applied the regularization scheme R 2 since the scheme R 1 leads to divergent integrals. For the σ πN shift we find
There is still a sizeable uncertainty in the KN σ-terms, and we present only the results for Λ = 400 and 500 MeV in Table 4 .
Summary
In this paper, we have evaluated the πN and KN σ-terms and scalar form factors by using a cutoff regularization.
• First, we calculated the σ-terms by using the next-to-leading order Lagrangian for the Goldstone bosons and the lowest-lying baryon octet in the heavy baryon formulation. The Goldstone boson integrals are evaluated by using a simple dipole regulator with a cutoff Λ proposed in [3] . We also used a modified regulator which is similar to the first one for vanishing off-shell momenta of the external baryons. We have given the complete expressions for the σ-terms up to the order q 3 , where q is an external momentum or meson mass. The cutoff parameter induces an additional mass scale that does not vanish in the chiral limit and, therefore, destroys the strict chiral counting scheme. We are able to show that to the order we are working the physics does not depend on Λ, since one is able to absorb the effects of Λ into a renormalization of the coupling constants.
• The spin-3/2 decuplet is separated from the octet by 231 MeV in average which is smaller than the kaon or eta mass. Therefore, we proceeded by adding the decuplet to the effective theory. Performing the calculation with the regulator from [3] leads to divergent integrals for non-vanishing off-shell momenta. One obtains finite results for the other regulator.
• There are four unknown parameters in the theory -the coupling constants b 0,D,F from the Lagrangian of chiral order q 2 and the baryon mass in the chiral limit
• M -which have to be fixed from phenomenology. We choose the four baryon masses in the isospin limit (N, Σ, Λ, Ξ) and the value σ πN (0) = 45 MeV to perform a least-squares fit for these parameters. In our analysis the cutoff parameter ranges from 300 to 600 MeV to account for all the long distance physics, but little of the short distance physics, which are not described appropriately by the effective theory, is included. Predictions for the KN σ-terms and the strange contribution to the nucleon mass are made. The results without the decuplet are σ KN (0) = 270 ± 20 MeV for the two KN σ-terms (accounting for the uncertainty in Λ). The strange contribution to the nucleon mass is < p|m ss s|p >= 150 ± 50 MeV which translates into the strangeness fraction y = 0.25±0.05 andσ = 33±3 MeV. The results are in good agreement with previous calculations [6, 7] . While a definite statement about the convergence of the chiral expansions for the σ-terms cannot be made in dimensional regularization, there is a clear convergence in the cutoff scheme. The πN σ-term shift to the Cheng-Dahen point is 4 ± 1 MeV in both cutoff schemes. This number is in agreement with the complete fourth order calculation in conventional heavy baryon chiral perturbation theory. But this value is smaller than the dispersive calculation of [6] . It remains to be seen how higher order corrections not yet accounted for will modify this result. The shifts for the KN σ-terms depend strongly on the value of Λ which might indicate that higher chiral orders are important. In order to include the decuplet states into the fit, one has to account for the decuplet contributions to the baryon masses. Again a least-squares fit is performed and it turns out that there are no significant changes in the results. One obtains σ 
B Decuplet contributions to the masses
In this Appendix we give the results for the decuplet contributions to the masses. They can be written in the form Mr , the two KN σ-terms, the strange quark matrix element (SME), the strange quark fraction y,σ and the deviation from the Gell-Mann-Okubo relation [3M Λ + M Σ − 2M N − 2M Ξ ]/4 in dimensional regularization and for various values of the cutoff parameter Λ in MeV. Table 2 Shifts to the Cheng-Dashen points in MeV in dimensional regularization and for both regularization schemes R 1 and R 2 . The cutoff parameter Λ is given in MeV. Table 3 Results of the calculation including the spin-3/2 decuplet. The cutoff parameter Λ is given in MeV. Table 4 Shifts to the Cheng-Dashen points in MeV in dimensional regularization and for the regularization scheme R 2 and including the decuplet. The cutoff parameter Λ is given in MeV.
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